Objectives: Information on the changes of pulmonary function and the right cardiac structure in patients with coal worker's pneumoconiosis in China is very scarce. This study was performed to clarify the changes of pulmonary function and right cardiac structure in patients with coal worker's pneumoconiosis in China. Material and Methods: Pulmonary function, pulmonary artery systolic pressure, and the right cardiac structure were evaluated by spirometry and color Doppler echocardiography. Results: The pulmonary artery systolic pressure of patients with coal worker's pneumoconiosis was increased with disease severity. Patients with coal worker's pneumoconiosis also exhibited an impaired pulmonary function and altered right cardiac structure compared with control subjects. A significant linear correlation of the variables of pulmonary ventilation and diffusion function with the indicators of the right cardiac structure was found in patients with coal worker's pneumoconiosis in China. Conclusions: This study elucidated a deterioration of pulmonary function and right cardiac structure in patients with coal worker's pneumoconiosis in China.
INTRODUCTION
Coal worker's pneumoconiosis is a systemic disease mainly caused by pulmonary interstitial fibrosis triggered by long-term inhalation of dusts released in industrial processes. The morbidity and mortality of the disease continue to increase. Once coal worker's pneumoconiosis occurs, the patients cannot be cured. Thus, a heavy financial burden is placed not only on patients but also on the society. Coal worker's pneumoconiosis also causes several complications, including respiratory system infection, pneumothorax, pulmonary heart disease, and respiratory failure. Chronic pulmonary heart disease accounts for 25-30% of these complications and 30-50% of coal worker's pneumoconiosis cases are fatal in China [1] . With increased demands in China, many patients with shortterm exposure to high coal dust concentrations are susceptible to pulmonary fibrosis and eventually to chronic pulmonary heart disease. Therefore, correct diagnosis and timely treatment of complications are life-saving approaches. In addition, health care systems in China have not generally covered the and the smallest dimension exceeding 10 mm or 1 large opacity exceeding the equivalent area of right upper zone of lung or several large opacities which, when combined, exceed the equivalent area of right upper zone of lung. Exposure control subjects were defined as individuals without coal worker's pneumoconiosis but with coal dust exposure history. The subjects in each group were then balanced in terms of gender, age, dust exposure time and smoking status. All of the subjects did not exhibit evidence of tuberculosis, autoimmune diseases, pneumonia, other interstitial lung diseases, and predominantly obstructive cardiopulmonary diseases caused by other disorders. In addition, 100 healthy controls in the healthy screening program of our hospital were included as a negative control matched for gender, age, and smoking status. Each subject was instructed to complete an epidemiological questionnaire that required individual information, including occupational history, smoking habits, and others. The questionnaire was administered face-to-face by interviewers who were blinded regarding the case or control status of subjects.
Pulmonary function test
Spirometry, lung volumes, and diffusing capacity measurements were performed in accordance with ATS guidelines [4] [5] [6] . Spirometry values, lung volumes, and diffusing capacity were presented as percentages of the predicted values as suggested previously [7, 8] . SensorMedics (Northridge, CA) Vmax 22 systems comprising a 6200 Autobox were used to measure lung volumes. The plethysmograph software Vmax Legacy (Viasys, Yorba Linda, CA) was used. Total airway resistance was measured according to previously described methods [9] .
Assessment of pulmonary arterial systolic pressure (PASP) and right cardiac structure by echocardiography Pulmonary arterial systolic pressure (PASP) was assessed by the staff cardiologists in our institution. The following protocol was used to assess PASP: examinations conducted to evaluate pulmonary functions and right cardiac structure of patients with coal worker's pneumoconiosis. Therefore, information on the changes of pulmonary function and the right cardiac structure in patients with coal worker's pneumoconiosis in present-day China is very limited. To address these issues, in this study we assessed the patterns of abnormal spirometry and impairment of the right cardiac structure of the Chinese coal workers.
MATERIAL AND METHODS

Study population
A total of 138 patients with coal worker's pneumoconiosis and 100 exposure control subjects were recruited from the Department of Pneumoconiosis at the Shanghai Pulmonary Hospital of Tongji University School of Medicine between January 2010 and December 2012. All of them were underground coal miners and spent their entire working career within the mining company. Occupational health monitoring data, including physical examination results and chest radiograph, were obtained every year. Patients were subjected to high-kilovolt chest X-rays to confirm the diagnosis of coal worker's pneumoconiosis in accordance with the China National Diagnostic Criteria for Pneumoconiosis (GBZ 70-2002) [2] , which is the same as the International Labor Organization Classification of Pneumoconiosis [3] . Disease stage was classified according to size, profusion, and distribution range of opacities observed in chest X-ray [2] . Stage I was defined as opacity profusion of level 1, distribution range of at least 2 lung fields or opacity profusion of level 1, distribution range of more than 4 lung fields or opacity profusion of level 2, distribution range of 4 lung fields. Stage II was defined as opacity profusion of level 2, distribution range of more than 4 lung fields or opacity profusion of level 3, distribution range of 4 lung fields or opacity profusion of level 3, distribution range of more than 4 lung fields. Stage III was defined as large opacity having the largest dimension exceeding 20 mm IJOMEH 2015;28(1) 64 of pulmonary artery hypertension was estimated by computing odds ratio (OR) and 95% confidence interval (CI) by logistic regression analysis; values were adjusted for possible confounders. Age, dust exposure, and smoking amount cut-off values used for the stratified analysis were according to the median values of the recruited patients and control subjects. Spearman correlation analysis was conducted to determine the correlation between variables. A trend analysis was also performed as previously described [13] . Statistical tests were 2-sided at a significance level of 0.05 and analyzed using SPSS 17.0 (SPSS, Chicago, IL, USA).
RESULTS
Characteristics of the study subjects
The demographic and clinical data of the subjects are summarized in Table 1 . No significant differences were observed among the cases and the 2 groups of control subjects in terms of gender and age distribution. There was no significant difference in terms of dust exposure time among the cases and the exposure control subjects. The distribution of the smoking status of the cases and the 2 groups of control subjects was similar. No significant differences were observed among the cases and the 2 controls in terms of the distribution of the smoking amount (pack-years). The coal worker's pneumoconiosis stages I-III of the cases were 63.8%, 20.3%, and 15.9% respectively.
Changes in the PASP and the right cardiac structure
The PASP of patients with coal worker's pneumoconiosis was increased with the severity of the disease. Patients with stage II and III coal worker's pneumoconiosis exhibited a significantly higher PASP than those in stage I and the control subjects (p < 0.01). The PASP of patients in stage III was higher than that of patients in stage II (p < 0.01). Patients in stage III exhibited the widest pulmonary artery (PA) and right atrium among all groups (p < 0.05). In addition, all of the patients with coal -each patient was placed in the left lateral decubitus position, -color flow Doppler imaging was used to identify and guide the alignment of the cursor with the tricuspid regurgitant jet, -continuous-wave Doppler was used to assess tricuspid regurgitation velocity from different views and determine the peak velocity (v), -transtricuspid pressure gradient was calculated using the modified Bernoulli equation ( 4v 2 ) [10] , -right atrial pressure was evaluated from the respiratory variation in the diameter of the inferior vena cava (values estimated as 5, 10, or 15 mm Hg), -PASP was calculated by adding the transtricuspid pressure gradient to the atrial pressure estimate. The following cardiac morphological characteristics and function indicators were determined: pulmonary artery diameter (PA); right atrial diameter (RA); and right ventricular diameter (RV). Tricuspid annular plane systolic excursion (TAPSE) and tricuspid valve systolic peak velocity (Sm) were determined as previously reported [11] . Pulmonary artery hypertension was defined as 2 consecutive pulmonary arterial systolic pressure (PASP) values ≥ 40 mm Hg revealed by echocardiography [12] .
Ethics
This study was conducted in accordance with the Helsinki Declaration of 1975 and approved by the Ethics Committee of Tongji University. Informed consent was obtained from all of the participants.
Statistical analysis
Numerical values were expressed as mean ± standard deviation (M±SD). Student's t-test or Mann-Whitney U test was used to compare the numerical values when appropriate. exhibited a significantly reduced tricuspid valve systolic peak velocity (Sm) compared with those in stage I and control subjects (p < 0.01), while the difference between stages II and III was not significant (Table 2 ).
worker's pneumoconiosis showed a dramatically broadened right ventricle (p < 0.01). However, patients exhibiting different disease stages showed similar right ventricular diameter. Furthermore, patients in stage II and III (Table 3) .
Relation of the prevalence and stage of coal worker's pneumoconiosis to the prevalence of pulmonary artery hypertension Pulmonary artery hypertension was defined as 2 consecutive pulmonary arterial systolic pressure (PASP) values ≥ 40 mm Hg determined by echocardiography [12] . The prevalence of pulmonary artery hypertension increased with the onset and severity of the disease. The prevalence rates of pulmonary artery hypertension were 0%, 0%, 12.5%, 54.7%, and 68.2% in healthy, exposure, stage I, stage II, and stage III coal worker's pneumoconiosis groups, respectively (p trend < 0.001) ( Figure 1 , Table 2 ).
In a multivariate regression model, the following parameters were adjusted: gender; age (≥ 55 or < 55 years); dust (Table 4) . Table 5 shows the correlation coefficients between various variables of pulmonary function and indicators of PASP and right cardiac structure of patients with coal worker's pneumoconiosis. We found that PaO 2 and FEV 1 /FVC were negatively correlated with PASP, whereas PaO 2 and FEV 1 were negatively correlated with PA diameter. We also found that PaCO 2 was positively correlated with PA diameter, whereas PaO 2 , DLCO, and DLCO/VA were positively correlated with tricuspid valve Sm. Prevalence of pulmonary artery hypertension increased with the onset and severity of the disease (p trend < 0.001). By contrast, control subjects or patients in early stages showed no, or less pulmonary fibrosis and hypoxia. Therefore, PASP may be maintained in the normal range. In particular, the prevalence of pulmonary artery hypertension was increased with the onset and severity of coal worker's pneumoconiosis. Furthermore, the prevalence or the severity of coal worker's pneumoconiosis was an independent risk factor of pulmonary artery hypertension. Considering a previous study [14] , we found that patients with coal worker's pneumoconiosis exhibited significantly impaired pulmonary functions vs. controls. Some of these functions include poor ventilation and diffusion function as well as high airway resistance. These results also suggested that imbalanced ventilation/perfusion ratio and reduced ventilation capacity and pulmonary ventilation area caused alveolar hypoxia. Increased pulmonary vasodilation, high vascular smooth muscle tension, and small airway obstruction were observed simultaneously when pulmonary hypertension occurred. Diffusion dysfunction is also observed, as small pulmonary vascular occlusion
Correlations of pulmonary function variables with PASP and the indicators of the right cardiac structure
Fig. 1. Prevalence of pulmonary artery hypertension among the groups
DISCUSSION AND CONCLUSIONS
The results in the present study revealed that the right cardiac structure and pulmonary function were impaired after other relevant factors, including gender, age, dust exposure time, and tobacco smoking had been considered. The PASP of patients with coal worker's pneumoconiosis was increased with the severity of the disease. The patients also showed a remarkably broadened right ventricle. In addition, a significantly reduced tricuspid valve systolic peak velocity was found in patients with stages II and III. In particular, patients in stage III exhibited the most adverse changes in the right cardiac structure and the highest pulmonary artery systolic pressure. These results may suggest that patients with coal worker's pneumoconiosis, and especially those in the late stage, may exhibit more extensive fibrosis and chronic hypoxia. The striking tendency to obstruction, reduced diffusion and relative hypoxia in stage III suggested some degree of emphysema. Pulmonary vascular remodeling resulted in PASP, inducing changes to the right cardiac structure. Abbreviations as in Tables 1-3. causes poor alveolar perfusion [15, 16] . Our findings were in agreement with Wang's study revealing that the miners with coal workers' pneumoconiosis had lower values of pulmonary function and higher prevalence of respiratory symptoms than did those without it, and a significant relationship was found between coal workers' pneumoconiosis and decrements in FVC and diffusing capacity. In addition, workers with stages II and III diseases showed poorer pulmonary function and more common symptoms [17, 18] . Furthermore, we determined whether or not pulmonary function variables could be used to predict the impairment of the right cardiac structure. We then performed a correlation analysis and found a significant linear correlation between the variables of pulmonary ventilation/diffusion function and the indicators of the right cardiac structure. Although Fernie et al. revealed a certain right ventricular hypertrophy in coal workers in 1980's, the method for evaluating right cardiac structure was quite different from ours. Necropsy was used in their study. Besides, pulmonary function was not evaluated by Fernie [19] . To the best of our knowledge, this study was the 1st report to investigate the correlation of pulmonary function with the right cardiac structure of patients with coal worker's pneumoconiosis in China. Although we elucidated the impairment of pulmonary function and right cardiac structure of patients with coal worker's pneumoconiosis, our study was encumbered with several limitations, including small sample size, retrospective design, and being Chinese ethnic-specific. Results from this study could be over-interpreted. Therefore, the confirmation through well-designed, larger prospective studies are needed. Despite the limitations, these findings elucidated a deterioration of pulmonary function and right cardiac structure in patients with coal worker's pneumoconiosis in China and showed the importance of evaluating the pulmonary function and right cardiac structure of patients with coal worker's pneumoconiosis. Further prospective studies are necessary to validate our findings.
